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Background and Purpose. Kinematic motion analysis has helped to characterize poststroke reaching strategies with the hemiparetic
arm. However, the relationships between reaching strategy and performance on common functional outcome measures remain
unclear. Methods. Thirty-ﬁve participants were tested for motor performance and motor impairment using the Wolf Motor
Function Test (time and functional ability measure) and Fugl-Meyer assessment, respectively. Kinematic motion analysis of a
forward reaching paradigm provided potential predictors of reaching strategy including shoulder ﬂexion, elbow extension, and
trunk displacement. A stepwise linear regression model with three potential predictors was used in addition to Pearson-product
moment correlations. Results. Kinematic analysis of elbow extension predicted performance on both the Wolf Motor Function
Test and Fugl-Meyer assessment. Shoulder ﬂexion and trunk displacement did not signiﬁcantly predict functional or reaching
time outcomes. The Wolf Motor Function Test and the Fugl-Meyer assessment were highly correlated. Conclusions. The ability to
incorporate elbow extension during reach is a signiﬁcant predictor of motor performance and hemiparetic arm motor capacity
after stroke.
1.Introduction
Stroke is a common disabling condition that often impairs
the ability to reach with the stroke-aﬀected upper extremity.
Because reaching is a necessary component of many tasks
of daily living, survivors experience decreased autonomy
and quality of life [1]. Recent conceptual shifts in stroke
rehabilitationhavestimulatedanincreaseinupper-extremity
interventions that are based on motor learning, motor
control, and recovery of movement owing to activity-
dependent neuroplasticity. More emphasis on the outcome
measures used to establish improvements after intervention
has also occurred in an eﬀort to delineate motor recovery
and/or compensation [2].
Many stroke rehabilitation outcomes have limited objec-
tive ability to characterize movement strategies [2, 3].
Outcome measures used in intervention research are often
focusedontaskcompletionorclinicianratingsofmovement,
resulting in limited, speciﬁc, precise, and quantitative data
that eﬀectively distinguishes remediation of deﬁcits versus
the development of compensatory movement strategies.
The functional signiﬁcance of a stroke survivor’s ability to
complete meaningful tasks should not be undermined, yet
thesetypesofoutcomemeasuresdonotprovideinformation
regarding speciﬁc movement strategies [3]. The Wolf Motor
Function Test (WMFT) is a common task-based outcome
measure that has quickly become one standard measure
in research investigations of upper-extremity rehabilitation
interventions such as constraint-induced therapy (CIT). The
WMFT incorporates gross- and ﬁne-motor components of
all joints in a variety of functional tasks such as reaching for
acan,pickingupapencil,orfoldingatowel.Theinstructions
for each task emphasize speed of completion and all tasks
are videotaped for subsequent rating of functional ability.2 Rehabilitation Research and Practice
Functional ability is rated on a 6-point ordinal scale that
incorporates task completion and generalizations regarding
movement strategies (e.g., movements made in synergy).
The WMFT also includes two strength measures but these
are reported less in the scientiﬁc literature. The WMFT has
established reliability [4–7]. The Fugl-Meyer Upper Extrem-
ity Assessment (FM) is another common measurement tool
used in stroke rehabilitation. In addition to evaluating some
basic movement tasks or task components (e.g., gripping a
can or ball, holding a pencil with a two-point pinch), the FM
assessment also evaluates more basic movement capacities
foundational to task performance on a 3-point ordinal scale.
For example, subjects are instructed to produce isolated
shoulder movements while maintaining elbow extension
during which an evaluator rates movement capacity. Other
scored criteria include the presence of reﬂexes, tremor,
dysmetria, and speed of movement.The FM has established
validity and reliability as a research tool [8–10]. Together, the
WMFT and FM assessments provide valuable information
regarding motor performance and motor impairment after
stroke, yet they do not yield precise quantitative data on
movement strategies and may lack suﬃcient sensitivity to
characterize changes in strategies over time.
Levin et al. [2] suggested that more robust measures
of movement strategy can be implemented in order to
clarify recovery versus compensatory movement patterns
after intervention. Kinematic motion analysis aﬀords the
ability to precisely quantify movement strategies during
forward reach in survivors of stroke. Indeed, many studies
have documented the presence of impaired reaching ability
and ineﬃcient compensatory movement after stroke [1, 11–
13]. Motor control impairments include abnormal inter-
joint coordination, decreased peak reaching velocity, and
decreasedmovementsmoothness.Forwardreachingdistance
is also reduced following a stroke [14], presumably related
to common ﬂexor synergy patterns and a requirement to
ﬂex the shoulder against gravity [15]. The recruitment
of anterior trunk ﬂexion or increased shoulder abduction
can then compensate for the limited elbow extension and
shoulder ﬂexion, respectively. These compensatory strategies
may reﬂect learned responses to initial deﬁcits that enable
the attainment of a goal, yet may alter motor performance
towards long-term ineﬃcient and ineﬀective functional
movements [11, 16].
As research to develop improved movement-related
interventionsrapidlygrows,investigatorsandcliniciansmust
also have precise and quantiﬁable evidence of how indi-
viduals with motor deﬁcits accomplish movement. This is
particularlyimportanttoensurethatrehabilitationstrategies
truly help the individual to achieve necessary eﬃciency,
ﬂexibility, and functional success when attempting to com-
plete meaningful tasks. For example, while the WMFT yields
performance time data for tasks involving hemiparetic reach,
speciﬁc data on reaching strategies is not conveyed. As a
result the relationship between movement strategy (e.g., the
use of anterior trunk ﬂexion or ability to extend the elbow)
and task performance requiring forward reach is not clear.
The purpose of this study was therefore to determine the
relationshipbetweenreachingstrategyandcommontaskand
motor capacity-based outcomes applied in stroke rehabilita-
tion.Speciﬁcally,weusedkinematicmotionanalysistoassess
shoulder,elbow,andtrunkcontributionsduringhemiparetic
reach, and the WMFT and FM to assess task performance
and motor capacity as related to functional reach.
2. Methods
2.1. Participants. A convenience sample of 35 participants
was used for this study. All participants gave written consent
in accordance with the policies of the local institutional
review board. Participants met the following inclusion cri-
teria: at least 6 months after stroke; had at least 10◦ of active
wrist extension and 10◦ of extension in 2 ﬁngers and thumb;
approximately 30◦ of active shoulder ﬂexion; at least half the
normalpassive range of motion at all upper-extremity joints.
Exclusion criteria included other neurologic conditions (e.g.,
multiple sclerosis, Parkinson’s disease); injections treating
spasticity within 3 months of participation; a Mini-Mental
State Exam score less than 24 [17]; a pain scored greater
than 5 on the McGill Pain Scale. These criteria are similar to
those applied in intensive upper limb stroke therapies, such
as constraint-induced therapy [18].
2.2. Experimental Design. Participants underwent functional
and kinematic motion analysis testing on the same day.
Functional outcome measures included the Fugl-Meyer
Assessment (FM), the Wolf Motor Function Test (WMFT)
time, and functional ability scores. The time scores represent
the average time to complete a task; if a subject was unable
to complete the task, a maximum time of 120 seconds
was used in the average. Three potential predictors of
functional outcome measures were derived from kinematic
motion analysis of hemiparetic reach: shoulder ﬂexion,
elbow extension, and anterior trunk displacement.
2.3. Potential Predictors. Three potential predictors were
derived from kinematic motion analysis of the stroke-
aﬀected upper-extremity during reach: elbow ﬂexion-
extension, shoulder ﬂexion-extension, and trunk displace-
ment. Flexion-extension movements at the elbow and shoul-
der were quantiﬁed during a reaching task as these move-
ments are core components of functional reach used during
daily activities [1, 19]. Please see Figure 1 for experimental
setup. Details of the kinematic reaching task have been
reported elsewhere [20, 21]. The reaching task consisted of
4 ﬂexion-extension movements alternating between the 2
targets positioned in the sagittal plane of the hemiparetic
shoulder. The distal target was placed at the maximal
reaching contact point, that is, the furthest point a subject
could reach in the sagittal plane. The proximal target was
placed at a natural returning position for the subject.
Participants were instructed to reach between the two targets
as fast as possible for a minimum of 4 reaching cycles.
Arm kinematics were recorded at 60Hz with a 3-
dimensional camera-based motion analysis system. Reﬂec-
tive markers were placed on the sternal notch, shoulder,Rehabilitation Research and Practice 3
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Figure 1: Experimental setup. Seated individuals reached with the
stroke-aﬀected arm between a proximal target and a distal target
placed at maximum reach of the stroke-aﬀected arm in a sagittal
plane. Participants were instructed to tap back and forth as fast as
they could, alternating between proximal and distal targets.
elbow, and wrist of the paretic arm. A sequence of 3-
dimensional coordinates for each reﬂective marker, relative
to the coordinate system built into the table surface,was cal-
culated by the kinematic motion analysis software (Motus).
Joint angles (shoulder ﬂexion and elbow extension) were
calculated as degrees of excursion by each joint when
reaching from the proximal to the distal targets. Trunk
anterior displacement was calculated as the linear distance
that the sternal notch marker moved in the sagittal plane
when the participant reached from the proximal to the distal
target. Means for each segment were calculated based on the
4 reaching cycles.
2.4. Statistical Analysis. Descriptive statistics for the demo-
graphics, outcome measures, and potential predictors were
calculated including the mean and standard errors for
continuous data, and as counts for the categorical variables.
Normality of the outcome measures and potential pre-
dictors was statistically veriﬁed using the Shapiro-Wilks W
test. The trunk displacement required transformation using
the natural log to meet the assumptions of this test. The
elbow extension excursions required transformation using
the square root after a value of 4 was added to each value.
The value of 4 was added to each score in order to make
the data positive before the square root transformation was
calculated.
The Pearson-product moment correlation was calculated
to determine correlations between the functional outcome
measures and the kinematic measures. Potential predictor
variables obtained with kinematic motion analysis were used
to develop a general linear model for each of the dependent
variables including FM scores and WMFT time and func-
tional ability scores. A forward stepwise procedure was used
in which each variable was examined at each step for entry
Table 1: Demographics of participants (n = 34).
Age, years X = 59.7(±16.3)
Time since stroke, years X = 3.0(±4.3)
Side of Infarct 18 LCVA; 16 RCVA
Sex 16 Female; 18 Male
LCVA: left cerebrovascular accident; RCVA: right cerebrovascular accident.
Table 2: Descriptive statistics (n = 34).
Outcome variables Mean (St Err) Transformed
Fugl-Meyer scores 38.0 (1.9)
WMFT time (seconds) 44.5 (5.1)
WMFT functional ability 2.3 (0.1)
Potential predictors
Shoulder ﬂexion (degrees) 41.9 (3.3)
Elbow extension (degrees) 21.6 (3.2) 4.7 (0.3)
Trunk anterior displacement (cm) 6.8 (40.7) 1.7 (0.1)
into the model. Adjusted R2 values and probability values
were calculated. Presence of multicolinearity among predic-
tor variables in the regression models was assessed using a
variance inﬂation factor. Signiﬁcance was set at P< . 05.
3. Results
One participant was excluded from the study because her
scores were within the 95% standard error of measure [7]
of the normative data for her age group on the WMFT,
indicating minimal or no impairment [22]. Descriptive
statistics of the sample’s demographics are listed in Table 1,
and descriptive statistics for the dependent variables and the
independent variables are listed in Table 2.
Graphical displays of correlations between dependent
variables are displayed in Figures2(a)–2(c). WMFT time and
FM scores were strongly negatively correlated (r =− .83)
indicating that faster performance time on the WMFT was
associated with a higher FM total score. The correlation
between the WMFT functional ability and FM scores was
(r = .81) indicating that higher FM scores were associated
with higher functional ability scores. The WMFT functional
ability and time scores were strongly negatively correlated
(r =− .94).
As demonstrated in Figure 3 and Table 3,e l b o we x t e n -
sion was strongly correlated with WMFT time (r =− .69),
WMFT functional ability (r = .67) and FM score (r =
.70). The potential predictors were entered into three linear
multiple regression models with stepwise entry using the
WMFT time and functional ability scores and FM scores as
the dependent variables. The only signiﬁcant predictor for
the WMFT time scores and the FM scores was the amount
of elbow extension. Shoulder ﬂexion and anterior trunk
movement were removed during the regression analysis. The
elbow accounted for 0.464 of the variance in the WMFT time
scores, 0.46 of the variance of the WMFT functional ability4 Rehabilitation Research and Practice
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Figure 2: The correlations between the dependent measures (WMFT functional ability and time scores and the FM). The associations were
all strongly associated and were signiﬁcant at P<. 01.
Table 3: Pearson correlation coeﬃcients of functional and kinematic measures.
Functional measure Kinematic measures
Shoulder ﬂexion Elbow extension Anterior trunk ﬂexion
WMFT time (sec) −.47∗∗ −.69∗∗ .37
WMFT (functional ability) .42 .67∗∗ −.34
Fugl-Meyer .59∗∗ .70∗∗ −.29
∗∗P<. 01.
scores, and 0.477 of the variance of the FM scores. The ﬁnal
regression equations are as follows:
WMFT (time)
  = 87.2 − 9.3

square root (elbow+4)

,
WMFT (fa)
  = 1.4+0 .217

square root (elbow+4)

,
FM
  = 18.3+3 .1

square root (elbow+4)

.
(1)
These equations could be used to model the predicted func-
tional scores based on the amount of elbow extension when
reaching between two targets as described in the kinematics
task. Note that the amount of elbow extension entered into
the equation requires the appropriate transformation (i.e.,
adding a value of 4 and taking the square root).
4. Discussion
Survivors of stroke often develop stereotypical movement
patterns including a limited ability to extend the elbow
and an increased reliance on anterior trunk ﬂexion during
forward reach. These are clinically understood to result fromRehabilitation Research and Practice 5
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Figure 3: A scatterplot matrix of the kinematic predictor variables
with the outcome measures.
dominating motor synergies and weakness and commonly
result in the survivor of stroke learning compensatory
movements to try to accomplish functional and meaningful
tasks. The ineﬃciency of compensatory movements repre-
sents one obvious contributor to decreased hemiparetic limb
use during daily routines. Although intensive rehabilitation
approaches such as CIT have successfully demonstrated
successinamelioratinglearnednonuseassociatedwithupper
limb hemiparesis, the intervention has been less focused
on measuring changes in (and perhaps improving) speciﬁc
movement strategies. Indeed, much weight has been given
to outcome measures concerned with performance time
and general upper limb motor capacity, without connecting
these data to measures of speciﬁc movement strategies.
As a result, studies may report subjects’ performing faster,
but lack a picture of how their movements “look”, that is,
what movement strategies does the survivor of stroke adopt
in order to decrease his or her performance time during
reaching tasks? The ﬁndings from the current study indicate
that faster task performance times and upper limb motor
capacity are associated with subjects’ ability to generate
larger elbow extension excursions during hemiparetic reach.
Furthermore, the amount of elbow extension used during
forward reach may predict motor performance on the
WMFT and motor impairment on the FM. Both sets of
ﬁndings point to at least one speciﬁc movement strategy,
that is, elbow extension, as related to and important for
functional use of the hemiparetic arm.
Diﬃculty extending the elbow after stroke is common
and this limitation is clinically observed as part of a ﬂexor
synergy pattern that produces concurrent ﬂexion motions,
and which also often impairs the survivor of stroke’s ability
tocontrolindividualjoints[23].Zackowskietal.[23]charac-
terizedthediﬃcultyinextendingtheelbowaspartofa“joint
individuation deﬁcit”, andhypothesized that this deﬁcit was
more correlated with abnormal reaching performance than
other potential predictors such as impaired sensation. The
results from the current study parallel this ﬁnding-elbow
extension was strongly correlated with the functional out-
come variables that included a reaching component.
We found that both anterior trunk displacement and
shoulder ﬂexion were not predictive of functional outcome
measures. This is an interesting ﬁnding because of expected
relationships among movement characteristics. For example,
the reduction in elbow extension may be compensated by
an increase in shoulder ﬂexion or anterior trunk ﬂexion.
However, the results from the current study suggest that
there is no strong relationship between the amount of trunk
use and functional performance (see Table 3). This ﬁnding
further supports the concept that the trunk may not be an
obligatory movement patterns after stroke because there is
no association with these functional outcomes. These results
diﬀer withother reports on hemiparetic reach. For example,
Michaelsen et al. [1] found that elbow extension predicted
approximately 80% of the variance in trunk movement
during a forward reaching task with the hemiparetic arm.
In addition, Beebe and Lang [24] found that only shoulder
and middle ﬁnger active range of motion at 1 month
after stroke signiﬁcantly explained the variance on upper
extremity function at 3 months after stroke. While we
obviously discovered a diﬀerent ﬁnding than these reports,
methodological diﬀerences may explain the nonparallel
ﬁndings between these studies and the present one. The
present study limited the number of potential predictors to
three to maintain an adequate sample size for each predictor.
We also incorporated predictor variables based upon a
dynamic reaching paradigm rather than isolating movement
at each joint, as previous work has done. A dynamic model
arguably approximates functional use of the hemiparetic
arm better than one that only considers isolated movements
at a particular joint. In other words, the contributions
of shoulder ﬂexion and trunk displacement were clearly
less than elbow extension during reach when a dynamic
reaching model was applied in our study. Additionally,
diﬀerences in the characteristics of the subjects in the present
study compared to these other studies may limit these
interpretations given that the functional status may have
diﬀered.
Diﬃculty extending the elbow is a clearly documented
result of stroke, which intuitively impacts performance on
functional outcome measures used in stroke rehabilitation
interventions. Both the WMFT and FMare functional out-
comemeasuresthatrequireacertainamountofelbowexten-
sion during components of each assessment. This is likely
onereasonthatourﬁndingthatelbowextensionsigniﬁcantly
predicted performance on these two outcomes. Some tasks
within the FM require isolated shoulder movements (ﬂexion
and abduction), and the ability to achieve and maintain
elbow extension during those movements is a critical part
of the scoring. Other tasks require the ability to maintain
the correct elbow position while isolating movements at the
wrist. The emphasis on the control of the elbow joint in
the FM may explain why the ability to use elbow extension
signiﬁcantly predicted level of impairment. Many of the6 Rehabilitation Research and Practice
tasks on the WMFT require some degree of elbow extension
during forward reach. For example, subjects are asked to
reach from their lap to the table during all of the ﬁne-motor
tasks. Another task also requires elbow extension to slide the
hemiparetichandtowardsalateraltargetline.Theinteresting
ﬁnding is that elbow extension explained approximately the
same degree of variability in the FM and WMFT scores,
yet these two outcomes require quite diﬀerent control of
the elbow joint. The FM requires the elbow joint to be
stabilized in extension, whereas the WMFT requires more
active elbow ﬂexion and extension during functional tasks.
This suggests that the ability to control the elbow joint is
critical for evaluation of motor capacity as well as motor task
performance.
Thisstudyisnotwithoutlimitations.First,thenumberof
potential predictors entered into the regression models were
limitedbythesamplesize(i.e.,10–20subjectsperpredictor).
For this reason, only trunk, shoulder, and elbow kinematic
predictors were entered into the regression models. The
potential exists for additional degrees of freedom to have
explained more variance in the dependent variables. For
example, the amount of wrist extension used may have
inﬂuence performance. Second, data were only collected at
baseline and do not allow for the predictions over time. This
i saf u t u r ea r e ao fr e s e a r c ht h a ts h o u l db ee x p a n d e di no r d e r
to further elucidate how changes in reaching strategy impact
performance(i.e.,docompensatorymovementsleadtolong-
termconsequences?).Finally,subjectsrepresentonlyasubset
of the stroke population that have some return of voluntary
control and motor function of the stroke aﬀected limb
according to the motor inclusion criteria. These movement
characteristics would be common in approximately 20% of
the stroke populations [25]. A larger sample size would
increase external validity by allowing for more generaliza-
tions to be made from this research, that is, to a population
presenting with varying degrees of motor impairment.
5. Conclusion
Inconclusion,theresultsofthisstudysuggestthatmovement
strategies must be more precisely examined and related
to functional performance and capacity. Doing so would
arguably assist rehabilitation scientists and clinicians in
delineating motor recovery from compensatory patterns of
movement and would hopefully inﬂuence the development
and administration of therapeutic interventions. Further,
in addition to CIT’s emphasis on increasing amount of
hemiparetic arm use, these data indicate that a participant’s
adopted movement strategies are measured in relation to
functional performance and also identiﬁed as another agent
of change in the rehabilitation process.
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